ends of SYP, A4, and LMO6. The order of loci was Xpter-A4-LMO6-SYP-CACNA1F-Xcen, with interThe human Xp11.23-p11.22 interval has been implicated in several inherited diseases including Wiskott-genic distances ranging from Ç300 bp to Ç5 kb. shown that the region around the synaptophysin (SYP) gene is refractory to cloning in YACs, but highly stable in cosmids. Preliminary analysis of the latter suggested that this might reflect a high density of cod-INTRODUCTION ing sequences and we therefore undertook the complete sequencing of a SYP-containing cosmid. SePositional cloning from human interval Xp11.23-quence data were extensively analyzed using com-p11.22 has led to the successful isolation of genes for puter programs such as CENSOR (to mask repeats), disorders such as Wiskott-Aldrich syndrome (Derry et BLAST (for homology searches), and GRAIL and al., 1994) and X-linked hypercalciuric nephrolithiasis GENE-ID (to predict exons). This revealed the pres- Lloyd et al., 1996). However, the ence of 29 putative exons, organized into three genes, region has also been implicated in several diseases for in addition to the 7 exons of the complete SYP coding which the etiology is still unknown; these include the ., 1995). This is most likely due to sequence-specific where available, we have been able to suggest the genomic organization of the novel genes with some con-instability. As a consequence, despite extensive analyfidence. The region has an elevated GC content (ú53%), sis by several groups (Derry et al., 1994 ; Hagemann et and we identified CpG islands associated with the 5 al
60 s, 30 cycles, generating a 450-bp product spanning exons 5-7 of This view was supported by preliminary analysis of the LMO6 transcript.
novel conserved single-copy sequences from SYP-con-PCR across CACNA1F exons. Three sets of primers were detaining cosmids, which, in contrast to SYP YACs, show signed to amplify genomic sequence spanning seven of the CACNA1F no evidence of instability (Fisher, 1995) . Furthermore, exons from the cosmid. PCR with 5-AGGGTATAGAGGGCATACwe have found a clustering of rare-cutter sites in these TTGG-3 and 5-GGTGTGCCACTGGTGAGG-3 gave a 536-bp product of which 285 bp corresponded to exons 6 and 7 (see Fig. 4a ).
cosmids, indicating the presence of several CpG isPrimers 5-CCTTCTGTTTTGATCTTCAGGG-3 and 5-CCTCCClands. In light of these studies, we decided to use a CAACTCCTCCAG-3 amplified a 405-bp product containing 198 bp sequence-based strategy to investigate the organiza-from exons 8-9, and primers 5-TGTCCCCACTTTGTTAGTTTCCtion of genes in the vicinity of the SYP locus. We have 3 and 5-CTCATGCCCCACATCCTC-3 gave an 819-bp product conthereby revealed a gene-rich area containing a large taining 339 bp from exons 10, 11, and 12. PCR conditions for each set of primers were 94ЊC for 40 s, 60ЊC for 60 s, and 72ЊC for 60 s, number of novel putative exons, which we have charac-36 cycles. These exon-enriched products were pooled for Northern terized in detail.
analysis.
Northern blot analysis. Multiple tissue Northern blots (Clontech) were screened with probes from LMO6 and CACNA1F according to
MATERIALS AND METHODS
the manufacturer's instructions. Subsequent probing with b-actin was used as a control. Sequencing strategy. Cosmid DNA was sonicated and ends were repaired with T4 DNA polymerase. Fragments of 1-2 kb were recov-RESULTS ered after agarose gel electrophoresis and subcloned into SmaI-predigested M13mp18 vector.
M13 cloned DNAs were prepared for random shotgun sequencing
Identification of a Region of Interest Around SYP
by a streamlined manual method (Zollo and Chen, 1994) and sequenced using dye-primer cycle sequencing on 373A automated se-
The human SYP gene was previously characterized quencers (Chen, 1994) . Sequence tracts across most of the cosmid and localized to Xp11.23 by Ö zcelik et al. (1990) . Physiwere assembled using Applied Biosystem's FACTURA and INHERIT cal mapping has since allowed refinement of the posiprogram. Coverage of between six-and eightfold was achieved. Most tion of SYP to the interval between TFE3 and DXS6666 (Ç99%) of the sequence was determined on both strands, but at some locations no opposite strand clone had been recovered. In those cases, (Fisher et al., 1995) . Restriction digest and fluorescence consensus sequence was derived by sequencing templates in the in situ hybridization studies of three SYP-containing same orientation with two different sequencing chemistries (dye cosmids (isolated from the ICRF X-specific library) esprimer and dye terminator) (Chen, 1994). tablished that they are nonchimeric and unlikely to Gap closure. In areas that were problematic or covered only once, have rearranged (Colin Cooper, Institute of Cancer Rethe assembly program was used to infer clones likely to extend across search, Surrey, UK; manuscript in preparation) and a gap. The inserts of those M13 clones were amplified by PCR and sequence was then derived with reverse dye-primers from the oppo-enabled them to be ordered and oriented with respect site end of the clone insert (Chen, 1994) . A second approach to gap to flanking markers in Xp11.23 (Fig. 1) . Analysis of a closure required synthesis of additional primers to extend sequences single-copy 3.1-kb EcoRI fragment that was subcloned (''walking'') from the edges of the contigs using dye-terminator reacfrom SYP-A1236 revealed the presence of a conserved tions. Any remaining gaps, representing DNA that was not recoverable in M13, were closed using PCR primers to amplify intervening sequence with high homology to calcium channels (see material, which was then sequenced by dye-terminator reactions below). In addition, rare-cutter restriction mapping (Chen, 1994). identified several putative CpG islands in the SYPComputer-assisted sequence analysis. Programs for sequence A1236 cosmid (data not shown). Together, these obseranalysis were accessed through the HGMP computing facility at vations suggested that this cosmid might contain a Hinxton Hall, Cambridge. TANDEM, CpGPLOT, and BESTFIT are high density of transcribed sequences.
part of the GCG package. Prior to exon prediction, CENSOR was used to identify and mask any repetitive sequences. A range of protein and nucleotide databases was screened with unique portions of the
Sequencing and Analysis of SYP-A1236 Cosmid
cosmid sequence, using the BLAST algorithm (Altschul et al., 1990) . The exon prediction programs GRAIL (Version 2) (Uberbacher and SYP-A1236, which contains a 44-kb insert, was com- Mural, 1991) and GENE-ID (Guigo et al., 1992) were used to identify pletely sequenced at high (99.9%) precision using rancoding regions independently without reference to information redom shotgun methods (Chen, 1991; Wilson et al., 1994;  garding homology. Data from BLAST and GRAIL/GENE-ID were then compared and combined. Annotated cosmid sequence, including Zollo et al., 1995) was analyzed using a series of computer programs: RT-PCR of LMO6. Lymphocytes were isolated from the blood TANDEM (to search for runs of di-, tri-, tetra-, and sample of a normal male using Ficoll-Paque (Pharmacia), and total pentanucleotide repeats), CENSOR (to identify com-RNA was extracted following the modified guanidine isothiocyanate/ acid-phenol method described previously (Chomczynski and Sacchi, plex repetitive elements), CpGPLOT (to detect CpG is-1987). Five micrograms of total RNA was converted into first-strand lands), BLAST (for homology searches), and GRAIL2 cDNA using the Super Script Preamplification System (GIBCO BRL). and GENE-ID (to predict likely exons). This enabled PCR amplification was performed with primers 5-GTGTGTACCus to elucidate the most likely genomic organization of ACGTGCCAGG-3 and 5-GCAGGCTCGAGAGCAGAAG-3 using the following conditions: 94ЊC for 60 s, 60ЊC for 60 s, and 72ЊC for the region, which is summarized in Fig. 2 , and has been submitted, along with the complete sequence, to complete coding sequence of the A4 gene, which is orgaGenBank (Accession No. U93305).
nized into five exons, spanning Ç3.5 kb of DNA. The four 5 exons and their correct splice sites were independently predicted by GRAIL, in the absence of any Repetitive Sequence Content information regarding homology. The product of this We searched the sequence for any runs of four or gene is an integral membrane protein, containing four more consecutive di-, tri-, tetra-, or pentanucleotide re-putative transmembrane domains, which may play a peats. A highly TpA-rich stretch was identified at resi-role in cell differentiation in the intestinal epithelium dues 10332-10716 (where residue 1 is at the Xpter end (Oliva et al., 1993) . We detected a CpG island associof the cosmid). This stretch contains 1 (TA) 10 repeat, 3 ated with the 5 end of the locus. copies of a (TA) 6 repeat, 11 copies of (TA) 5 , and 4 copies (ii) A novel locus, consisting of eight exons, lies in of (TA) 4 , all within a õ400-bp region. Elsewhere, tan-the Ç12.5-kb interval between the A4 and the SYP loci. dem repeats exceeded 5 copies at only three other sites This gene (which has been assigned the name LMO6 in the cosmid, with (GT) 8 at residue 3390, (TG) 8 at by the HUGO Nomenclature Committee) is predicted 12728, and (CTC) 6 at 33958. The cosmid contains a to encode a product of 407 amino acids with significant high abundance of short interspersed nucleotide re-homology to proteins containing LIM domains, in parpeats (SINEs), but no LINEs. There are 28 partial or ticular mouse testin (Accession No. S44219; Divecha complete Alu sequences, 8 MIR elements, and 4 MIR2 and Charleston, 1995) . The LIM domain is a cysteineelements, together constituting almost 20% of the en-rich sequence motif which binds zinc atoms to form tire sequence (Fig. 2) . Details of all these repeats are a specific protein-binding interface in protein-protein given in the GenBank entry for the sequence.
interactions (Schmeichel and Beckerle, 1994 (C, H, D) . The similarity between the two related proteins is strongest In addition to the 7 exons of the complete SYP codin this triple LIM domain region (48% amino acid idening region (spanning 12.4 kb), we have identified the tity), with conservation of all the cysteine and histidine presence of a further 29 putative exons, organized residues that are necessary to coordinate zinc atoms into three transcriptional units, all mapping within (Fig. 3a) . LMO6 also showed significant homology to the 44-kb interval cloned in the SYP-A1236 cosmid putative coding regions identified in a Caenorhabditis (see Fig. 2 
):
elegans sequencing project (Accession No. U52003; Wil-(i) A cDNA encoding the A4 differentiation- depenson et al., 1994) , particularly at its N-terminus, where dent protein was previously cloned from a human cothe amino acid sequences encoded by exons 2 and 3 lonic cell line (Oliva et al., 1993) , but prior to our study are Ç60% identical to the corresponding region of C. the gene had not been localized. BLAST analysis indielegans product ''ZK381.7.'' CpG islands were found at cates that the SYP-A cosmid contains the promoter (previously characterized by Oliva et al., 1995) and the 5 and 3 ends of this gene.
FIG. 2.
Genomic organization of a 44-kb region around the SYP locus, as deduced from sequence analysis. Restriction sites are given for EcoRI (R), and the rare cutters BssHII (B) and SstII (S). Sites marked with an asterisk are double sites separated by 2 bp. The positions of putative CpG islands (shaded boxes), repetitive elements (black boxes), and predicted exons (open boxes) are shown aligned below the restriction map. The four main transcription units predicted by this analysis are indicated by arrows pointing from 5 to 3. A substantial proportion of the 5 end of CACNA1F lies outside the region of study. Note that GENE-ID was used only for the analysis of the novel loci. Orientation of this region with respect to the X chromosome is given.
Using an RT-PCR approach, we were able to amplify a1 subunits have previously been identified, and they range in size from 1873 to 2424 amino acid residues a 450-bp product spanning exons 5-7 of the LMO6 transcript from lymphoblastoid RNA (see Fig. 3a ). This (Seino et al., 1992) . All share a common structure, involving four internal units of homology (I-IV), each confirmed that the LMO6 locus is indeed transcribed and unlikely to be a pseudogene. In addition the se-composed of six alpha-helical membrane-spanning segments (S1-S6) (Tanabe et al., 1987) . CACNA1F shows quence of this RT-PCR product agreed with that suggested by the computer analysis of the SYP-A cosmid, strongest homology to the pancreatic isoform (Accession No. A38198; Seino et al., 1992) with 5 of the putathus verifying the proposed exon-intron organization and predicted amino acid sequence for the triple LIM tive exons showing ú90% identity at the amino acid level (Fig. 4a) . The 3 part of the CACNA1F locus condomain region of the gene. LMO6 expression was further investigated by using the RT-PCR product to probe tained in the SYP-A cosmid codes for 646 amino acid residues at the carboxy-terminus of the a1 subunit, a Northern blot containing poly(A)-selected mRNA from several human tissues (Fig. 3b) . A predominant including transmembrane domains IVS2-IVS6 (Fig.  4a) . A substantial proportion of the 5 end of this gene band of Ç3.4 kb was observed in all tissues, with strongest expression in skeletal muscle, heart, pla-is therefore expected to lie centromeric to the characterized region. centa, and pancreas. In addition, a weaker 2.3-kb transcript was detected in most tissues. Since the predicted An RT-PCR approach was unable to amplify predicted CACNA1F exons from lymphoblastoid RNA, coding region of LMO6 only spans Ç1.2 kb, the transcripts must contain a significant amount of 5 and/or suggesting that the gene is not expressed in this tissue.
In the absence of additional information regarding tis-3 untranslated sequence. Such transcribed, but untranslated, regions will often go undetected by pro-sue specificity of CACNA1F expression, genomic PCR was used to generate probes spanning seven exons of grams such as GRAIL and GENE-ID.
The multiple transcripts detected on the Northern CACNA1F (exons 6-12 encoding amino acids 161-445 in Fig. 4a ). Screening of a multiple tissue Northern blot may correspond to alternatively spliced variants from the LMO6 locus. A comparable situation was pre-with these probes revealed a major Ç6.8-kb transcript in skeletal muscle (Fig. 4b) . Although a human skeletal viously shown for mouse testin, where a single gene gives rise to two transcripts, of 1.4 and 2.8 kb, which muscle isoform has previously been identified (CAC-NL1A3; Accession No. L33798; Hogan et al., 1994) it appear to encode proteins that are identical in the LIM domain region, but differ at their N-termini (Divecha shows only 78% nucleotide identity to CACNA1F in the coding regions used to probe the Northern; this result and Charleston, 1995).
(iii) On the centromeric side of SYP, we have identi-is therefore unlikely to be a consequence of cross-hybridization to CACNL1A3. A 1.4-kb transcript was also fied 16 exons from the 3 end of a locus (approved symbol CACNA1F) that encodes a novel L-type calcium detected at high levels in heart and at weaker levels in several other tissues. Given that a transcript of this channel a1 subunit. Several tissue-specific isoforms of has not yet been identified, the numbering of amino acids and exons used here is provisional, and will be revised once the complete locus has been characterized. Transmembrane domains IVS2-IVS6 are indicated. The shorter IVS3-IVS4 linker found in CACNA1F has also been seen in other a1 subunits (Seino et al., 1992) . (b) Multiple tissue Northern blot screened with a probe enriched for exons 6-12 of CACNA1F, revealing a 6.8-kb transcript in skeletal muscle and 1.4-kb bands in several tissues. Positions and sizes (in kb) of RNA marker bands are indicated.
size is not large enough to encode a calcium channel
In general, for all four loci present in the cosmid, the exon-intron boundaries identified by the exon predica1 subunit, it is unclear at this stage how this mRNA species relates to the CACNA1F exons. tion programs were highly consistent with those suggested by the BLAST analysis. We have therefore been CpG island positions, exon-intron boundaries, and complete amino acid sequence information for all of able to propose the likely genome organization of the novel loci with some confidence. However, it should be the above are fully detailed in GenBank Accession No. U93305.
noted that, while we have shown the SYP-A cosmid to be highly stable, any results based on genomic sequencing alone can be sensitive to subtle sequence rearrange-
DISCUSSION
ments. In addition, alternative splicing patterns may go undetected by computer-based methods. Isolation We have identified a gene-rich area around the SYP locus in Xp11.23. Detailed computer analysis of 44 kb and analysis of LMO6 and CACNA1F cDNA clones will be important for verification of the data presented here, has indicated that ú80% of this region is transcribed. With an elevated GC content (53%), placing it in the particularly in regions of lowest homology.
In conclusion, our studies have revealed a high den-3-4% of the genome considered GC rich, and an abundance of Alu sequences, but no LINE elements, the sity of transcribed sequences in Xp11.23 and enabled characterization of genomic organization in a region characteristics of the region are comparable to the gene-dense subtelomeric band, Xq28 (Chen et al. , that has previously eluded analysis. Further investigations will establish whether any of the aforementioned 1996). In such regions, sequence-based strategies are highly effective for the positional cloning of novel loci genes are involved in the diseases that map to the region. They may also allow insights into the long-range and, as confirmed here, will often identify coding regions that have previously gone undetected by alterna-organization surrounding such gene-enriched regions. tive methods of transcript mapping.
Using gene prediction methods and homology ACKNOWLEDGMENTS searches, we have discovered two new genes and confirmed that they are expressed by probing Northern 
